As the only paradigm that has consistently increased life span and inhibited the onset and/or progression of disease, dietary restriction has multiple effects on a variety of organ systems. In this brief review, the goal of the panel was to attempt to understand the role of changes in physical activity and body composition as possible modulators of the life span in experimental animals and humans. We focus on whether changes in exercise behavior and body composition produce similar changes as those found in dietary restriction and whether these changes can be used to either replace or enhance the beneficial effects of dietary restriction. The complexity of the two stimuli is emphasized in our report, with suggestions offered on how to better interpret existing research. Our panel briefly examines evidence in experimental animals and humans about the specific contributions of each of these factors to altering life span and age-related pathologies. We also discuss additional animal studies and/or human intervention studies that could be performed to clarify these issues. Finally, we provide suggested avenues for future research in this area of changes in physical activity and body composition as dietary restriction mimetics. N issue of major importance to gerontologists is whether changes in exercise behavior and/or body composition can result in life-span extension (i.e., either decrease mortality acceleration with age or change the intercepts of the survival curve). Panel 4 examined the role of changes in physical activity and body composition as possible modulators of altering life span. One broad question of interest generated by our panel is whether changes in exercise and body composition elicit changes similar to those found in dietary restriction (DR). A second question is whether changes in exercise and body composition can be used to either replace or enhance the beneficial effects of DR in humans. Given this broad area of research and the complexity of the interaction between exercise, body composition, and DR, it is not our goal to be exhaustive. We will, however, examine present evidence in experimental animals and humans regarding the specific contributions of each of these factors to altering life span and age-related pathologies. We will also discuss future areas of research to clarify these issues.
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In Goodrick's first study, in which wheel running began at age 1.5 mo, average longevity was 3-4 mo greater, and maximal longevity was ‫ف‬ 3 mo greater in the runners than in sedentary controls (5) . In this study the sedentary controls were also short lived, with an average age at death of 631 days for the sedentary male rats. Average longevity for healthy, pathogen-free rats is in the 750-to 950-day range, depending on the strain. In another study, in which rats were placed in voluntary running wheels at 10.5 mo or 18 mo of age, Goodrick and coworkers found no increase in longevity of the animals given access to running wheels (6) . Four subsequent studies on specific-pathogen-free Long Evans rats given free access to voluntary running wheels have confirmed that wheel running increases average survival by ‫ف‬ 3 mo compared to sedentary freely eating controls (7) (8) (9) (10) . However, in these studies the exercise had no effect on maximal life span. The differences between the results of these studies and that of Goodrick (5) are unexplained. However, as regular exercise was a normal, necessary component of everyday life throughout mammalian evolution, it is not reasonable to expect exercise to slow aging.
After a few months, rats generally lose interest in wheel running and markedly reduce or stop their running. In order to keep the animals running, the food intake of the voluntary runners in the studies on pathogen-free Long Evans rats was restricted to ‫ف‬ 92% of ad libitum intake (7). This slight food restriction prevents the abrupt decrease in running, perhaps by stimulating food-seeking behavior, but is too small to have an effect on longevity (7). With advancing age, voluntary running decreased gradually from ‫ف‬ 6000 meters/24 h when the rats were young to 1000-1500 km/24 h at age 30 months (7) (8) (9) (10) .
Numerous studies have shown that DR significantly increases maximal longevity in rodents (11) (12) (13) . Hypotheses that have been proposed to account for the life-prolonging effect of FR include growth retardation with maintenance of growth potential (14) , prevention of excess fat accumulation (15) , and a shift from cellular proliferation to maintenance and repair pathways (11, 16) . Exercise has a number of effects that are similar to those of food restriction and that run counter to some of the changes that occur with aging in sedentary mammals (17) (18) (19) (20) (21) (22) (23) (24) . This is particularly true in male rats, which are unusual in that, unlike most mammals, they do not increase their food intake to compensate for the increase in energy expenditure induced by exercise (7, 17, 18, 21, 22) . As a consequence, male rats that exercise regularly are similar to FR rats in that they have growth retardation, a lower body fat content, and reduced availability of energy for cell proliferation compared to sedentary, freely eating animals (7, 17, 18, 21, 22) . Male voluntary wheel-running rats are therefore a useful model for testing some of the hypotheses regarding the mechanisms by which FR extends maximal longevity.
In the studies in which voluntary wheel running did not increase maximal life span in male rats (despite growth retardation, reduced body fat, and decreased availability of energy for cell proliferation), the sedentary, paired weight control animals had a significant extension of maximal life span (7, 8) . These animals had their food intake restricted (by ‫ف‬ 25% to 30%) to keep their body weights in the same range as those of the runners. Thus, the same relative energy deficit slowed aging when caused by FR, but not when caused by exercise. The food restriction also significantly decreased the incidence of malignancies, whereas exercise had no effect on the cause of death (7) . One possible explanation for these divergent results is that FR extends maximal life span due to some consequence of decreased intake and/or metabolism of food other than growth retardation, reduced body fat, and decreased availability of energy for cell proliferation. Another is that a life-prolonging effect of decreased availability of energy for growth, fat synthesis, and cell proliferation is countered by some harmful effect of exercise, such as increased free radical production and oxidative tissue damage.
These possibilities were evaluated in studies in which male voluntary wheel running rats were either (a) food restricted to the same extent ( ‫ف‬ 30% below ad libitum) as the paired weight sedentary controls in the previous study, or (b) fed large amounts of antioxidants to protect against oxidative damage. The antioxidant-supplemented diet had no effect on longevity of the wheel runners, suggesting that increased oxidative stress caused by exercise was not adversely affecting longevity (25) . In a study in which exercise and food restriction were combined, the survival curves of the FR runners and FR sedentary animals were virtually identical (10) . This finding-that exercise does not interfere with the extension of maximal life span by food restriction-shows that exercise does not have a harmful effect that counters a life-prolonging effect of decreased availability of energy for cell proliferation. It provides evidence against the hypothesis that decreased availability of energy for a variety of biological processes, including growth, fat deposition, and cellular proliferation (11, (14) (15) (16) , mediates the extension of maximal life span induced by food restriction. Thus, the information provided by the studies of the effects of exercise and FR in male rats favors the alternative hypothesis-that the life-extending effect of FR is not caused by the energy deficit per se, but results from some other consequence of decreased intake and metabolism of food.
Both paradigms, dietary restriction and exercise, have a number of technical considerations that have to be considered within an experimental context. The term "dietary restriction" is used to describe very different protocols of feeding, diet, duration, and onset. There is a consensus that malnutrition should be avoided, but little else. In comparing studies, it should be appreciated that the usual criterion for a dietary restriction study (i.e., a certain percentage reduction compared to ad libitum consumption) can result in large differences between studies because ad libitum (AL) consumption can vary so widely (26) (27) (28) . Thus, the DR animals in one study may be larger than the AL animals in another study. In addition, studies started at 8 weeks of age have different physiological consequences from those started at 16 weeks of age (29) . Diet composition (e.g., high fat or low fat) can also impact differently on particular endpoints, such as the incidences of certain tumors (30) .
As DR is used to describe many paradigms, so is exercise. Treadmill running, voluntary wheel running, swimming, ladder climbing, and tail suspension, among others, have all been included as exercise. The duration of the exercise varies widely, as "chronic" exercise can last from 2 weeks to lifetime. The intensity of the paradigms also varies widely and is sometimes difficult to quantitate (e.g., for swimming, given some animals' tendency to float). Unfortunately, experimental paradigms to test some types of exercise, such as anabolic, are not easy to perform in rodent models. However, some techniques have been developed, such as weighed jackets (31) , that make the studies possible, if difficult. Both exercise and dietary restriction are both paradigms that encompass wide variations in procedure. For comparisons across studies and extrapolation from rodents to primates, it would be useful to have a common metric which takes into account the important factors in the protocols.
S TUDIES IN N ONHUMAN P RIMATES

Dietary Restriction and Body Composition
Macaques are often used in gerontological investigations. These species exhibit a realistic aging course, progressing through stages of life complementary to the human cycle with considerable time compression. It is generally thought that macaques exhibit an aging rate 2.5 to 3 times that of humans (32) . In the most general terms, the conversion factor appears to be accurate, but it may not be appropriate to apply this conversion factor across all phases of the life span. For example, when examined more closely, female rhesus macaques undergo menarche at 2.5 to 3.5 years of age; they reach adult stature at approximately 8 years of age and they experience menopause between 26 and 28 years (32) . This relates to approximately four times the rate of aging from birth until sexual maturity, three times the rates of aging during young adulthood, and twice the rate before menopause for rhesus monkeys compared to humans. The maximum life span of a rhesus macaque in captivity is approximately 40 years, whereas the maximum achieved life span in humans is approximately 120 years. It is important to consider this sliding scale when comparing macaques and other nonhuman primates with humans in research on aging.
Changes in body weight and body composition during adulthood are generally similar in humans and macaques. There are increases in lean tissue and body fat into early adulthood (32) . Males are heavier than females, and they have more lean mass and lower percentage body fat than females. Body fat increases during middle age, and some individuals become noticeably obese. Excess body fat is predominantly located in the abdominal region for both sexes. During late adulthood, body weight and lean body mass decrease, and the decrease may be greater for males than for females (33) .
Dietary restriction is the only intervention that increases average maximal life span in laboratory rodents. It is presently unknown whether DR increases maximal life span in nonhuman primates. Currently, studies from the four nonhuman primate groups (Universities of Wisconsin and Maryland, National Institute of Aging, and Wake Forest University) have not been of sufficient duration to derive firm conclusions regarding DR and longevity. We briefly examine the effects of caloric restriction and physical activity on body composition in nonhuman primates.
Colman and colleagues (34) examined the effect of longterm DR on body composition in female rhesus macaques. They studied the effects of 20-30% dietary restriction on adult rhesus monkeys ( n ϭ 30 females and n ϭ 16 males) with assessments of body composition using dual energy x-ray absorptiometry at baseline and at 6, 12, and 18 months. After 18 months of DR, restricted animals reduced total and relative amounts of fat mass compared to control animals. Moreover, the DR males experienced relatively little or no change in appendicular skeletal muscle mass. This study suggests that the primary effect of DR is on reducing fat mass, whereas no deleterious effect on skeletal muscle mass was observed. It is presently unclear, however, whether these changes in body composition are related to increased longevity.
Cefalu and colleagues (35) performed a study of 30% DR in 32 adult monkeys with endpoints related to atherosclerosis, including glycated proteins, insulin, glucose, insulin sensitivity measures, and intraabdominal fat. Results showed a significant reduction of body weight and intraabdominal fat in restricted animals. The decline in intraabdominal fat corresponded to improvements in peripheral insulin sensitivity. Although issues of maximal life span were not addressed in this study, one may speculate that DR may partially exert some of its cardioprotective effects by influencing intermediate health outcomes such as insulin sensitivity and intraabdominal fat. Work from Cefalu and colleagues suggests that the effects of dietary restriction on these outcome variables (e.g., fatness, insulin sensitivity) would probably reduce the comorbidities associated with premature mortality and not influence the "rate of aging" per se.
Hansen and Bodkin (36) documented the effects of longterm ( Ͼ 10 years) dietary restriction (35-40%) on eight adult male rhesus monkeys that were maintained throughout life on a regimen to stabilize body weight. These eight DR monkeys were compared to 19 AL-fed, age-matched control monkeys. The monkeys were all aged Ͼ 18 years. Dietary restriction prevented the development of obesity in olderaged monkeys ( Ͼ 60 yrs in human terms). In addition, all aspects of physical examination, including hair coat, muscle conformation, and oral hygiene were in excellent condition in these older-aged monkeys, attesting to their excellent nutritional status. This study demonstrated that dietary restriction maintained normal adult lean body mass and normal body fat (compared to the age-matched AL-fed monkeys) with body composition values for the DR monkeys within the range seen in younger animals. Thus, it appears that dietary restriction may prevent the age-related increase in obesity-associated comorbidities.
Dietary Restriction and Energy Expenditure in Nonhuman Primates
Lane and colleagues (37) performed studies of energy expenditure in DR monkeys (30% restricted) as compared to controls. There was no difference between restricted and control monkeys with respect to daily energy expenditure after adjustment for differences in fat-free mass. This sug-gests that DR reduces energy expenditure primarily by decreasing the quantity of the metabolically active tissue. With respect to changes in body composition, dietary restriction showed reductions in the absolute quantity of lean body mass, although the relative amounts (%) of lean and fat tissue remained similar. If DR were found to extend life span in monkeys, it would be of interest to examine whether a decrease in resting energy expenditure would be one mechanism mediating this effect.
DeLany and associates (38) examined the effects of dietary restriction on body composition and energy metabolism. This study compared six DR monkeys (approximately 35-40% DR from AL levels) to eight AL-fed control monkeys (agematched). Caloric intake, energy expenditure (measured by the doubly labeled water technique), and body composition (estimated by the tritiated water dilution method) were determined. Results showed that total daily energy expenditure was reduced and that increases in fat mass were prevented in the restricted monkeys when compared to the AL-fed ones. Interestingly, a reduced energy expenditure persisted, even when data were statistically adjusted for the lower body weight. That is, energy expenditure was lower per unit of body mass. These results differ from those reported by Lane and colleagues (37) , due potentially to differences in the magnitude of the caloric restriction paradigms.
Dietary Restriction and Physical Activity in Nonhuman Primates
The assessment of physical activity in free-living animals has represented a significant challenge to physiologists. The use of doubly labeled water to assess total daily energy expenditure may be a valuable tool to broaden our knowledge regarding the effects of physical activity and dietary restriction on life span. Adult rhesus monkeys appear to be most active in the morning and exhibit variable levels of physical activity during the light phase of the circadian cycle. Activity during the daytime tends to be associated with bouts of eating. Older adults spend less time in locomotion, and there is a marked decline in vertical movement by older monkeys (39) . Obese monkeys are much less active than nonobese monkeys throughout the day (40) .
Several studies have examined the effects of programmed exercise on body composition, but a direct comparison with DR is lacking. Cynomolgus monkeys fed an atherogenic diet and exercised on a treadmill weighed less than nonexercised controls on the same diet (41) . The same species fed an atherogenic diet and exercised on a wheel weighed less and had less subcutaneous abdominal fat, but not visceral fat, than sedentary monkeys (42) . Adult male baboons who were exercised on a wheel for ‫ف‬ 35 weeks had lower fasting plasma insulin levels despite no change in body weight (43) . Generally, a large volume of exercise is required to alter body composition with animals not on DR. Less information is available regarding the effects of DR on measured physical activity in nonhuman primates. The effect of DR on physical activity is likely dependent on the severity of the restriction, the age at which the restriction is initiated, and the length of the DR period.
DeLany and colleagues (38) examined the effects of dietary restriction on physical activity. Measurements of physical activity in six of the DR monkeys using ultrasound were compared to eight lean young adult monkeys or agematched AL-fed monkeys. Results showed that physical activity energy expenditure did not differ significantly between the DR group and the young weight-matched group.
Ramsey and colleagues (44) measured energy expenditure, activity, and body composition in 30 adult male rhesus monkeys using indirect calorimetry. Restricted animals were maintained at 70% of the caloric intake of controls. Results showed that at the 24-and 30-month assessments, nighttime energy expenditure was significantly reduced in the restricted animals after adjustment for lean body mass, whereas morning, afternoon, and total energy expenditures were not significantly different. No significant differences in physical activity were noted between treatment groups at any timepoint.
The experimental approach in rodents has been to implement dietary restriction in early life and use life span and terminal pathology as primary endpoints or to sacrifice groups at intermediate timepoints. In larger and longer-lived primate species, there is an opportunity to implement dietary restriction in mature animals and then, with regular assessments, track the appearance of risk factors and the development of disease culminating in death relative to fully fed controls. Clearly, the information is scanty at this point, with respect to the effects of DR on body composition and energy expenditure and its relationship to mortality in nonhuman primate species. However, given that these studies are underway and progressing, new information will be forthcoming.
In summary, the effects of DR on longevity in nonhuman primates is unknown. Dietary restriction, however, is effective in reducing total and central body fatness. The role of alterations in body composition as a modulator of life span are unclear at this point. Alterations in body composition by exercise and/or DR are probably effective in reducing obesityrelated comorbidities associated with a physically inactive lifestyle. It is possible that alterations in body composition induced by caloric restriction and/or physical activity may play a role in reducing disease-related morbidities, but probably do not extend maximal longevity. It is also important to note that current studies have used different strategies for restricting calories (e.g., weight clamping or reducing intake based on individualized baseline caloric intakes). In future studies, a standardized approach should be adopted so that results among investigators can be appropriately compared. Similarly, different diets are being employed. Researchers should attempt to standardize the diets and the environment so that comparisons can be made across studies. The panel also noted the continuing value of the NIA-supported setaside colonies of aged rhesus monkeys. We would suggest that this program should be enhanced, as well as encouraging the sharing of primate resources for aging research.
S TUDIES IN H UMANS
Exercise and Longevity in Humans
There is a high level of interest in whether chronic exercise extends life in humans, and this area has been recently reviewed (45) . It is important to note, however, that no cur-rent evidence exists to suggest that chronic exercise extends maximal life span in humans or alters the fundamental rate of aging. Moreover, to our knowledge, there are no direct comparisons between chronic exercise, alterations in body composition, and caloric restriction as potential modulators of longevity in humans. Thus, there is difficulty in trying to understand whether exercise mimics the effects of DR on longevity in human investigation. Nonetheless, it is important to briefly examine current information in this area that may provide avenues for research directions.
Some of the earliest works of exercise and mortality were conducted in the 1940s on London bus drivers, postal service workers, and civil servants (46) (47) (48) (49) . The general notion advanced by these elegant studies was that both occupational and leisure time physical activity were associated with lower rates of cardiovascular disease. Paffenberger and colleagues conducted one of the first studies to attempt to quantify "years of life gained" from being physically active in the Harvard Alumni Study (50) . Physical activity was assessed from 1962 and 1966 by asking participants about activities such as flights of stairs climbed, city blocks walked, and participation in different sports. This information provided an estimate of the energy expenditure in kilocalories per week expended. Individuals were reexamined in 1978. These investigators found a decline in mortality rates with increasing physical activity, with the benefit diminishing after an expenditure of approximately 3500 kcal per week. They estimated that the number of years of "added life" (truncated at 80 yrs) for individuals expending at least 2000 kcal per week would be approximately 2 years longer than for their more sedentary counterparts expending less than 500 kcal per week.
In a follow-up study (51) , this group examined the relative contributions of vigorous and nonvigorous physical activity toward promoting longevity. In other words, does a similar caloric expenditure produced at different exercise intensities impact on longevity in a similar manner? Using Harvard Alumni data, these investigators found that vigorous, but not nonvigorous activity, significantly predicted mortality. This finding would argue in favor of vigorous activities that produce significant changes in maximal aerobic fitness ( O 2 max) as being the most favorable in prolonging life. A significant influence of participation in vigorous activity was also found in the U.S. Railroad Study (52). Men's physical activities were categorized based on their exercise intensity in 1957 and again in 1977. Mortality rates declined with increasing physical activity. When activity levels were categorized by vigorous, and light to moderate physical activity, only vigorous physical activity was significantly and inversely related to mortality rates. Again, this study reinforces the concept of vigorous physical activity as a modifier of longevity.
Pekkanen and colleagues (53) suggested that physical activity decreases mortality, but does not extend life span. Investigators classified 636 men into low and high physical activity levels. These investigators found that physically active men experienced greater survival after a 16-year follow-up period. At the end of the study, the oldest subjects approached 85 years of age. Interestingly, after this period of follow-up, the two survival curves tended to merge. V Several studies have examined the relationship between physical fitness and all-cause mortality. Physical fitness (i.e., time on treadmill or O 2 max) is a biological attribute, whereas physical activity is a volitional behavior. Blair and colleagues (54) measured physical fitness using a maximal treadmill test to exhaustion in 10,244 men and 3,210 women aged 20 to 60+ years. They found a trend of declining mortality rates with increased physical fitness. In a follow-up study, they examined the effects of changes in physical fitness on mortality rates (55) after a mean interval between examinations of 4.9 years. The major conclusion from this report was that moving from being unfit to being fit was associated with a 60% reduction in mortality. There is a general consensus that individuals who are physically active or physically fit are less likely to experience premature mortality. The absence, however, of randomized controlled studies (probably due to cost and feasibility) precludes firm conclusions regarding the causal link between physical activity and mortality at this time. Nonetheless, the body of evidence suggests that physical activity and/or physical fitness probably exerts its effects in postponing mortality by reducing metabolic and cardiovascular disease risk.
Exercise and Body Composition in Humans
A significant number of studies have examined the effect of physical activity on body composition in older individuals. The high level of interest in this topic is partly mediated by the recognition of: (a) age-related changes in physical activity, body composition, and their impact on health risk, and (b) the beneficial effect that increasing physical activity may have on improving cardiovascular and metabolic health in older individuals. This area of investigation, coupled with significant improvements in methods to measure energy expenditure (i.e., doubly labeled water) and body composition, have broadened our understanding of the relationship between physical activity and body composition.
Toth and colleagues (56) examined this area in an attempt to understand the effects of exercise on body composition and its potential for influencing longevity. The decline in physical activity with age and associated reduction in daily energy expenditure are thought to be important mediators of deleterious changes in body composition. Concomitant with the decline in physical activity, a loss of fat-free mass (specifically, skeletal muscle mass) and increase in fat mass are frequently observed. These age-related changes in body composition contribute to increased disease risk and reduced functional independence in elderly people. It is important to note, however, that these conclusions are primarily derived from cross-sectional observations. Thus, the "true" rate of age-related changes in body composition remains unclear.
Despite the absence of causal evidence that age-related changes in body composition are the result of a decline in physical activity, investigators have conducted exercise training experiments to examine its effects on body composition. In this section, we briefly consider exercise intervention studies that have focused on older men and women. We considered the effects of both aerobic and resistance exercise training on body composition. The rationale for separating these two exercise paradigms is that their effects on body composition may differ: aerobic exercise primarily re- duces body fat by promoting a negative energy imbalance, whereas resistance exercise primarily increases fat-free mass by stimulating skeletal muscle growth. In a recent review of exercise studies in older people (56) , several conclusions were drawn: (a) aerobic exercise is effective in reducing fat mass, but has little effect on fat-free mass; (b) the magnitude of aerobic exercise-induced changes in fat mass is related to the total number of sessions in the exercise program; and (c) resistance exercise is effective in reducing fat mass and increasing fat-free mass. It should be noted, however, that none of these studies directly compared these changes with those induced by caloric restriction.
Toth and associates (56) noted that aerobic exercise was effective in reducing body fat in studies that did not instruct patients to maintain their body weight. The effect of aerobic exercise to reduce body fat is not unexpected, although the mechanism by which this change occurs is unclear. Aerobic-induced changes in body fat were not related to the method used to assess body composition. However, the change in fat mass was primarily determined by the total number of sessions in the aerobic exercise program. That is, as the number of exercise sessions increased, the amount of fat loss increased. Thus, the length of exposure to the exercise stimulus or the absolute caloric expenditure of the exercise program may be an important determinant of the amount of fat lost during aerobic exercise in older individuals.
It is generally thought that aerobic exercise reduces body fat stores by promoting a negative energy imbalance (i.e., energy expenditure exceeds energy intake). Specifically, aerobic exercise increases daily energy expenditure in older individuals through the direct energetic cost of the exercise and possibly by increasing resting energy expenditure. Recent findings (57), however, showed that 8 weeks of highintensity aerobic exercise did not increase daily energy expenditure in older men and women because of compensatory decreases in physical activity energy expenditure during nonexercising time. Thus, the effect of aerobic exercise on body fat stores may be mediated by changes in energy intake, rather than changes in energy expenditure. Further studies are needed to delineate the mechanism by which aerobic exercise promotes a reduction in adiposity. Understanding the mechanism of exercise-induced changes in body composition will allow the refinement of exercise prescriptions (i.e., intensity and duration) to optimize reductions in body fat.
Aerobic exercise does not appear to alter fat-free mass in older individuals. Only 7 out of 35 studies (57) considered showed increased fat-free mass, and this increase did not exceed 1 kg in most studies. Changes in the hydration of fatfree mass due to increased glycogen storage may account for these minimal changes in fat-free mass, although this has not been directly tested. The lack of an effect of aerobic exercise on fat-free mass is not surprising, however, considering that this mode of exercise does not provide a significant anabolic stimulus to promote muscle growth. Recently, a randomized clinical trial of 6-month duration confirmed that resistance training increases fat-free mass, whereas aerobic training has no discernible effect (58) . These results should not, however, be taken as evidence that aerobic exercise has no influence on fat-free mass. The possibility should be considered that aerobic training may be effective in attenuating the reduction in fat-free mass that results from inactivity and other hormonal and lifestyle factors. That is, aerobic exercise may provide an adequate stimulus to maintain fatfree mass with age. This hypothesis, however, has yet to be systematically tested.
Resistance training reduced fat mass in 15 out of 25 studies (56). On average, in studies which found a reduction in fat mass with resistance exercise, the loss was similar to those changes induced by aerobic exercise (resistance exercise: -1.7 Ϯ 0.4 kg vs aerobic exercise: -1.9 Ϯ 0.8 kg). This is somewhat surprising considering that the direct energetic cost of resistance exercise is smaller compared to that of aerobic exercise. The possibility that resistance training may increase daily energy expenditure by increasing the quantity of fat-free mass should be considered (59) . These studies have mainly been confined to the examining of changes in resting metabolic rate. This is understandable, given that resting metabolic rate is a large component of daily energy expenditure. Theoretically, even small changes in resting metabolic rate may significantly affect the regulation of body weight and body composition over extended periods of time (59) .
The effects of resistance training on resting metabolic rate are controversial. Broeder and colleagues (60) found no change in resting metabolic rate in 13 young male volunteers following 12 weeks of high-intensity training despite a 2 kg increase in fat-free mass. Given that the published regression equations in the literature, which show an increase in resting metabolic rate of approximately 25-45 kcal per day for each kilogram of fat-free mass (61) , it may seem surprising that no increase in resting metabolic rate was found. Van Etten and coworkers (62) examined changes in energy expenditure in 21 younger males after a 12-week weight training program. Sleeping metabolic rate was measured in a respiration chamber. Weight training increased fat-free mass (1.1 Ϯ 1.3 kg) and decreased fat mass (2.3 Ϯ 1.5 kg). The investigators did not find any change in sleeping metabolic rate.
Pratley and associates (63) examined changes in resting metabolic rate following 16 weeks of resistance training in 13 older men. The use of resistance training in elderly people is particularly interesting because of the age-related decline in energy expenditure. Resting metabolic rate increased by approximately 8%, or 120 kcal per day. Although fat-free mass increased during the training program (1.6 kg), the increase in resting metabolic rate persisted after control for changes in fat-free mass. This finding suggests that the elevation in resting metabolic rate was due to both the increased quantity and metabolic activity of fat-free mass. The investigators speculated that the increase in resting metabolic rate was related to the increase in plasma levels of norepinephrine. However, they could not rule out the possibility that the elevated resting metabolic rate was due to the residual effect of the last bout of exercise, given that the resting metabolic rate measurement was performed 22 to 24 hr following the last training session. Both Campbell (64) and Trueth (65) and colleagues also found increases in resting metabolic rate in older men and women after chronic resistance training. These increases approached 7 to 10%, or approximately 100 to 150 kcal per day. Interestingly, in each of these studies, resting metabolic rate remained elevated after controlling for the increase in fat-free mass. These findings suggest that resistance training stimulates resting metabolic rate, particularly in older individuals, through a mechanism that is independent of changes in fatfree mass. Thus, resistance training may be a viable intervention to elevate daily energy expenditure and potentially reduce fat mass via its effects on body composition.
Caloric Restriction and Body Composition in Humans
Body weight remains stable when adult subjects are in zero energy balance. Negative energy balance, or DR, leads to losses of tissue energy pools and a decline in body mass. Negative energy balance leads to an exponential loss in body weight, with a rapid "early" phase lasting 5-10 days and a slower "late" phase thereafter. Protein balance, a component of energy balance, shows a similar pattern (66) . Energy-nitrogen balance studies indicate that a relatively large proportion of early weight loss is extracellular fluid and protein. "Later" weight loss consists primarily of fat or triglycerides. Long-term (e.g., 2-4 months) weight loss in general consists of about 70-75% fat, and the remainder is fat-free mass (66) (67) (68) (69) .
Although data on this issue are limited, relative fat-free mass loss with dieting may be greater in men than in women and in lean subjects than in subjects who are obese (70) . Most weight-loss studies have concentrated on body composition changes in obese women (71) . Some studies, however, have examined, in a controlled fashion, body composition changes in obese men and in lean men and women. Several independent factors also influence the rate and composition of weight loss in addition to duration of negative nutrient balance, gender, and initial body mass. These include:
• Dietary protein: Diets inadequate in protein, particularly high-quality protein, are associated with significant negative nitrogen balance and excessive lean mass loss (72) (73) (74) . • Total energy intake: Very low caloric intakes are associated with rapid weight loss, particularly with losses of total body protein. Severe negative nitrogen balance, body cell mass depletion, and rapid weight loss accompany total fasting. • Diet composition: Diets low in carbohydrate (and thus high in fat and/or protein) tend to produce early diuresis associated with ketosis. However, net rates of long-term fat loss are similar in high-and low-carbohydrate diets.
• Physical activity level: Either alone or in combination with dieting, increased levels of physical activity may moderate the proportions of fat and lean tissue loss produced by negative energy balance (69, 70) .
Several key issues remain in this area. First, information is sparse on changes in compartments other than "fat" and "fatfree mass." For example, there is some, but limited information on changes in skeletal muscle and visceral adipose tissue mass with weight loss and/or physical activity. Second, most research, up to now, has examined the effects of weight loss in obese women; information is limited for obese men and lean men and women. There is also limited information on how elderly subjects respond to negative energy balance in terms of body composition change. Third, the longest body composition studies with caloric restriction extend out to several months. Very little information is available on long-term effects of caloric restriction on body compartments.
Consistent with the goal of our panel, we offer several general recommendations for future research in nonprimate, nonhuman primate, and human studies:
R ECOMMENDATIONS
Recommendations in Rodent Studies
1. Numerous studies have documented that caloric restriction increases maximal life span in rats. Male rats do not increase their food intake in response to exercise. As a result, exercise causes a relative caloric deficit with stunting of growth in male rats. Food restriction of sedentary male rats, to keep their body weights the same as that of voluntary wheel-running male rats, results in an increase in maximal longevity. However, the same relative caloric deficit caused by exercise does not increase maximal longevity. These findings suggest the hypothesis that food restriction slows aging by decreasing flux of substrate through the metabolic pathways involved in generation of energy, not by causing a relative energy deficit. A possible mechanism is that the cells of food-restricted animals process less substrate per unit of time, resulting in generation of a smaller amount of harmful byproducts, such as free radicals, AGE (advanced glycation endproducts), and lipofuscin. It may be possible to test this hypothesis by mimicking the effect of exercise on energy expenditure using approaches that do not induce some of the other effects of exercise, such as increased catecholamine production. 2. Physical activity and dietary restriction have some physiological, biochemical, and hormonal effects in common, and some that are opposite. For the ones in common, one paradigm may have a greater effect than the other in reducing some risk factor for disease. Some of the deleterious effects of DR include changes such as a loss in bone mineralization. Exercise can induce changes such as increases in bone mineralization and strength, factors consistent with improved health, especially in the older animal. When exercise and DR have effects in common, one may be more effective than the other in reducing risk factors associated with disease. When exercise and DR effects differ, deleterious changes that occur either with exercise or DR could be compensated for by the other, when appropriately combined. In either case, one could maximize the efficacy and minimize the deleterious effects of these paradigms by utilizing combinations of each intervention to improve specific health endpoints. These combinations could differ in relative onset (timing), relative intensity, relative durations, and such. Exercise and dietary restriction are both paradigms that encompass wide variations in procedure. For comparison across studies and extrapolation from rodents to primates, it would be useful to have a common metric that takes into account the important factors in the protocols. One factor in this metric is whether initial obesity (or size) is important to experimental outcome.
Recommendations in Nonhuman Primate Studies
1. The effect of dietary restriction on longevity in nonhuman primates is unknown. Dietary restriction, however, is effective in reducing total body fatness. The role of alterations in body composition as a modulator on life span is unknown. Alterations in body composition by exercise and/or DR are probably effective in reducing comorbidities associated with a physically inactive lifestyle. Physical activity, in the absence of DR, exerts moderate effects on body composition in nonhuman primates. Physical activity may need to be increased with advancing age to attenuate the increase in cardiovascular and metabolic disease risk. Alterations in body composition induced by DR and/or physical activity play a role in reducing disease-related comorbidities, but not in extending maximal longevity. 2. The effects of a range of mild-to-moderate DR should be evaluated. Currently, studies have employed 30%. There have been reports of the effects of DR on outcomes related to atherosclerosis in monkeys on a low-fat diet, but these effects did not occur in another cohort on a highfat, cholesterol-enriched diet. Also, the fatty acid mix in the diet may influence membrane fluidity and mitochondrial energetics. Pertinent questions relate to the effects of graded DR (10, 20, 30%) on major outcome variables and how fat content and fatty acid composition of the diet affect outcomes. 3. From the rodent studies, there seems to be some question as to whether DR started late in life is beneficial. There are even some suggestions that it is harmful. A relevant question is, does DR initiated late in life have beneficial or deleterious consequences? Moreover, do older primates or a definable subset benefit from some extra body fat? 4. From the rodent studies, DR and exercise seem to have some similar effects as well as some divergent ones. A pertinent question relates to how exercise (aerobic or resistance) interacts with various levels of dietary restriction. 5. Little is known in the area of how DR affects behavioral or cognitive function. Thus, an interesting area for future investigation is to examine the effects of DR and exercise on cognitive function and behavioral performance. 6. The current studies have used different strategies for restricting calories (e.g., weight-clamping or reducing intake based on individualized baseline intakes). A standardized approach should be adopted so that results among investigators can be compared. Similarly, different diets are being employed. An attempt to standardize diet should be made and environmental variables (temperature, caging, etc.) standardized. There is an opportunity to address the effects of DR on longevity more rapidly in primates with naturally shorter life spans (e.g., the marmoset monkey, which has a maximal life span of 10-12 years). 
Recommendations in Human Studies
